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Abstract In this research, we report a scientific investigation of an efficient method used for the synthesis of highly
active Palladium Nanoparticles decorated with 
Fe3O4,
Co3O4, and Ni (OH)2 Supported on Graphene as Potential
Efficient Catalysts for Suzuki Cross—Coupling. Pd/Fe3O4
nanoparticles supported on graphene nanosheets (Pd/
Fe3O4/G) showed an excellent catalytic activity for Suzuki
coupling reactions and recycled for up to four times without
loss of catalytic activity. An efficient magnetic catalyst has
been successfully synthesized using a simple, reproducible
fast and reliable method using microwave irradiation conditions. The prepared catalysts are magnetic as in case of iron
and cobalt oxides which is an advantage in the separation
process of catalyst from the reaction medium via applying
a strong external magnetic field. The synthesis approach
is based on the Microwave (MW)-assisted simultaneous
reduction of palladium and ferric nitrates in the presence of
graphene oxide (GO) nanosheets using hydrazine hydrate
as the reducing agent. The results provide a fundamental

understanding of the system variables by comparing the
catalytic activity and recyclability of different catalysts with
different properties. The most active and recyclable catalyst
was Pd–Fe3O4—supported on graphene which offers several added advantages including recyclability of up to seven
times, mild reaction conditions, and short reaction times in
an environmentally benign solvent system. Furthermore,
the magnetic properties imparted by the Fe3O4 component
of the catalyst enables the catalyst to be easily isolated and
recycled, thus greatly simplifying the ability to purify the
reaction products and increasing the economic value of
the catalyst. The utility of these magnetic catalysts towards
Suzuki cross coupling reaction was also demonstrated.
The high activity and recyclability of these catalysts are
attributed to a strong catalyst-support interaction where the
defect sites in the reduced GO nanosheets act as nucleation
centers for anchoring the Pd and F
 e3O4 nanoparticles thus
minimizing the potential of their agglomeration and the
subsequent decrease in the catalytic activity.
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1 Introduction
Over the past decade, transition metal particles in the nano
scale have been intensively pursued as potentially advanced
catalysts due to their unique properties lie between those
of single metal atoms and bulk metal. The accurate control
of particle size and overall particle size distribution is one
of the most important challenges to provide new chemical and physical properties [1–3]. when the nanostructured
materials were used as heterogeneous catalysts by comparing with traditional powder catalysts, the nanostructured
materials showed special properties of nanoparticles and
new effects caused by nanostructured combination, with
remarkable improvements in the aspects of size, numbers
of reaction active sites, surface structure, catalytic selectivity, shape and so on. Hence, the nanostructured materials
have great potential application in the field of heterogeneous catalysis and have become the corner stone of materials science in heterogeneous catalysis especially in the past
few recent years [4–8 ].
The nanoporous structure and superparamagnetic behavior of (Fe3O4) nano particles make them ideal for powerful
application potentials in chemical, physical, biological, biomedical, and environmental engineering fields like catalyst
or drug carrier, absorption, separation. Nano-alloys are also
used as catalysts for hydrogen generation. Moreover, these
catalysts can be easily magnetically separated for recycling
purposes [9–11]. Such alloy catalysts are expected to be
useful for various applications as metal-air batteries, fuel
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cells, and electrochemical sensors [12, 13]. Besides iron
oxides; cobalt oxides were also investigated for environmental applications in CO catalysis [14–17]. Some recent
developments had been achieved in the application of magnetic methods for investigation of Fischer–Tropsch catalysts involving cobalt, iron and nickel. Graphene is a unique
high surface area support for metallic and bimetallic nanoparticle catalysts for a variety of important chemical transformations [18–21]. In addition to the large surface area,
the high thermal, chemical, and mechanical stability make
graphene an excellent catalyst support. Furthermore, structural defects in the graphene lattice can be useful in anchoring the metal nanoparticles like palladium, cobalt, and
nickel to the graphene surface thus achieving new surface
functionalities with tunable metal-support interaction. Several studies have demonstrated unusual catalytic activity
for metallic and bimetallic nanoparticles supported on the
defect sites of the graphene nanosheets [22, 23]. Recently,
the synthesis and applications of magnetic nanoparticles
(MNPs) have attracted more interest in catalysis research,
and MNP-derived catalysts have been used in such industrially important reactions as hydrogenation, hydroformylation, Suzuki–Miyaura and Heck cross - couplings, and olefin metathesis [24].
It is well known that C–C and C-Heteroatom couplings
are among the most relevant processes in Organic Synthesis. These reactions act like a bridge to a wide range of
carbon–carbon and carbon-heteroatom couplings that find
applications in many different areas including pharmacy,
agriculture, medicine, cosmetics and natural products [25,
26].
Nano-materials are important in many different areas,
from basic research to diverse applications in electronics, biochemical sensors, catalysis and energy. The
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nano-sized particles increase the exposed surface area
of the active component of the catalyst, hence enhancing
the contact between reactants and catalyst dramatically
in a way like that of the homogeneous catalysts. This
also led to some innovative ideas regarding the use of
nano-catalysis for green chemistry development including the possibility of using microwave heating with
nano-catalysis [12, 13, 27–34]. High catalytic activity,
ease of recovery using an external magnetic field and use
of water as the solvent are additional eco-friendly attributes of this catalytic system [35–39].
It is well known that nanocarbon materials are generally considered as a significant research area in the
development of advanced supported catalysts due to their
limited interaction with the metal catalysts, thermal and
chemical stability, easy recovery of noble metals from
the spent catalysts and also for its large surface area.
Among those different promising nanocarbon materials,
graphene is considered as an ideal candidate as a support
due to its unique properties including electronic properties, high thermal, chemical, and mechanical stability
as well as high surface area. Moreover, it is interesting
to know that the structural defects in graphene can be
useful as they make it possible to achieve new surface
functionalities which enhance the interactions with the
anchored metal nanoparticles [9, 21, 40–43].
Recently, researchers were focusing more on making
use of application of heterogeneous catalysis in conjunction with microreactor technology as a strategy that can
facilitate a cleaner and scalable flow methodology for
organic synthesis. Specifically, transition metal catalysts
such as palladium, copper, ruthenium, and nickel are
used on silica, carbon based, magnetic nanoparticles and
polymer supports. These catalysts have been investigated
to promote a range of reactions including Heck, Sonogashira, Suzuki, Kumada, olefin metathesis, hydrogenation
and benzannulation reactions [44–49].

2 Experimental
All chemicals were purchased and used as received without further purifications. Palladium nitrate (10 in 10 wt%
HNO3, 99.999%), hydrazine hydrate (80%, hydrazine
51%), aryl bromide, bromobenzene, and potassium carbonate were obtained from Sigma-Aldrich. Deionized
water (D.I. H
 2O, ~18 MΩ) was used for all experiments.
High-purity graphite powder (99.9999%, 200 mesh)
was purchased from Alfa Aesar. A mixture of ethanol/
deionized water was used for the Suzuki cross-coupling
reactions.

2.1 Catalyst Preparation
2.1.1 Synthesis of Pd Supported on Fe3O4 , Co3O4 , and Ni
(OH)2
In the typical synthesis of Pd–Fe3O4, different ratios has
been prepared (5, 20, 40, 50 wt%) palladium nitrate Pd
(NO3)2 supported on iron as will be shown respectively.
The following weights (687.2, 578.7, 434.1, 361.7) mg of
iron (iii) nitrate nonahydrate Fe(NO3)3.9H2O were prepared, and then add 20 ml deionized water in 150 ml beaker
and sonicate the solution for 1 h. Then; add (97, 388, 776,
970) μl of palladium nitrate to the sonicated solution;
then, stirr for 1 h. After stirring; add (600) μl hydrazine
hydrate at room temperature. The mixture turned to reddish
brown and hence, the precursor suspension was heated by
microwave for (60) s (intervals) and the black product was
obtained. So, finally washing was done using hot deionized
water 2–3 times, and then ethanol 2–3 times, dries in oven
at 80 °C.
While in case of synthesis of Pd–Co3O4; different
ratios have been prepared 10, 20, 30, 40, 50% palladium
nitrate Pd (NO3)2 supported on cobalt as will be shown
respectively.
The following weights (443.9, 394.6, 345.2, 295.9,
246.6) mg of cobalt (ii) nitrate hexahydrate Co(NO3)2.6
H2O were prepared, and then add 20 ml deionized water in
150 ml beaker and sonicate the solution for 1 h. Then; add
194, 388, 582, 776, 970 μl of palladium nitrate to the sonicated solution; then, stirr for 1 h. After stirring; add 600 μl
hydrazine hydrate and microwave for 60 s (intervals); wash
with hot deionized water 2–3 times, then ethanol 2–3 times,
dry in oven at 80 °C.
Finally, the following procedure was adopted in case of
synthesis of Pd–Ni (OH)2; different ratios have been prepared 30, 50, 70% palladium nitrate Pd (NO3)2 supported
on nickel as will be shown respectively. The following
weights (346.7, 247.6, 148.6) mg of Nickel (ii) nitrate
hexahydrate Ni(NO3)2.6H2O were prepared, and then add
20 ml Deionized water in 150 ml beaker and sonicate the
solution for 1 h. Then; add 582, 970, 1358 μl of palladium
nitrate to the sonicated solution; then, stirr for 1 h. After
stirring; add 600 μl Hydrazine Hydrate and microwave for
60 s (intervals); wash with hot deionized water 2–3 times,
then ethanol 2–3 times, dry in oven at 80 °C.
2.1.2 Synthesis of Pd Nanoparticles
Palladium nitrate (1940 μl) were added to 20 ml deionized
water, then sonication took place for 1 h. Then, the entire
mixture was stirred for 1 h. After stirring process is finished; 600 μl hydrazine hydrate were added to the mixture.
Then, the mixture was heated using a microwave oven for
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60 s (intervals), and the mixture was then washed with hot
deionized water 2–3 times, then ethanol 2–3 times, dry in
oven at 80 °C.
2.1.3 Synthesis of Fe3O4, Co3O4, and Ni (OH)2
Nanoparticles
In case of F
 e3O4 nanoparticles, 723.42 mg of iron (iii)
nitrate nonahydrate Fe (NO3)3.9H2O were added to 20 ml
deionized water. Similarly, in case of C
 o3O4 nanoparticles, 493.27 mg of cobalt (ii) nitrate hexahydrate Co
(NO3)2.6H2O were added to 20 ml deionized water. Finally,
in case of Ni(OH)2 nanoplates, 495.298 mg of nickel (ii)
nitrate hexahydrate Ni (NO3)2.6H2O were added to 20 ml
deionized water. After adding the different salts to the
deionized water; the resulting mixture in all cases was
sonicated for 1 h. Then, the mixture was stirred for another
1 h. After the stirring process is finished; 600 μl hydrazine
hydrate were added and then the whole mixture was heated
using microwave for 60 s (intervals); washed with hot
deionized water 2–3 times followed by ethanol 2–3 times
and finally, samples were left to dry in oven at 80 °C.
2.1.4 Synthesis of Graphene Oxide (GO)
GO was prepared according to the Hummers and Offeman
method in which oxidation of high-purity graphite powder
(99.9999%, 200 mesh) was performed using a mixture of
H2SO4/KMnO4. Graphite (4.5 g, 0.375 mol) and NaNO3
(2.5 g, 0.0294 mol) were mixed in a conical flask and the
mixture was kept in an ice bath under continuous stirring
while slowly adding a solution of concentrated 
H2SO4
(115 ml, 2.157 mol) followed by KMnO4 (15 g, 0.095 mol)
over a period of 2.5 h. After addition of deionized water
(230 ml) to the above mixture, the temperature of the mixture was kept constant at 80 °C. After 20 min stirring; the
second portion of deionized water (700 ml) along with
(10%) H2O2 (20 ml, 0.667 mol) were added and the mixture
was stirred for an additional 5 min. The resulting yellowbrownish cake was washed several times with 1 M HCl
(20 ml) followed by hot deionized water (3 l). The resulting
GO solid was dried under vacuum at 60 °C overnight.

ESCALAB 250 using a monochromatic Al KR X-ray. The
X-ray diffraction patterns were measured at room temperature using an X’Pert PRO PANanalytical X-ray diffraction
unit. The magnetic properties of the graphene-supported
Pd/Fe3O4/G catalysts were investigated using a vibrating
sample magnetometer (VSM) at room temperature.
GC–MS analyses were performed on an Agilent 6890
gas chromatograph equipped with an Agilent 5973 mass
selective detector. A CEM Discover microwave instrument
was used for cross-coupling reactions. The reactions were
performed at operator selectable power output of 250 W.
2.3 General Procedure for Suzuki Cross—Coupling
Reactions
Aryl bromide (0.51 mmol, 1 eq.) was dissolved in a mixture
of 4 mL H
 2O:EtOH (1:1) and placed in a 10-mL microwave
tube. The aryl boronic acid (0.61 mmol, 1.2 eq.) and potassium carbonate (1.53 mmol, 3 eq.) were added to this mixture. The palladium–Fe3O4 supported on graphene nanoparticles (Pd–Fe3O4/G) (3.5 mg, 2.55 μmol, 0.5 mol %) was
then added, the tube was sealed, and heated under microwave irradiation (250 W, 2.45 MHz) at 80 °C for 10 min.
After the reaction was completed, the reaction mixture
was extracted with CH2Cl2 (3 × 50 mL). The organic layers were combined, dried over anhydrous M
 gSO4, and filtered. The solvent in the filtrate was removed under vacuum
to give a solid product which was further purified by flash
chromatography using hexane: ethyl acetate as the eluent.
2.3.1 General Procedure of Pd–Fe3O4, Co3O4, and Ni
(OH)2 System for Suzuki Reactions
Aryl bromide (0.51 mmol, 1 eq.) was dissolved in a mixture
of 4 ml H
 2O: EtOH (1:1) and placed in a 10-ml microwave
tube. To this were added the aryl boronic acid (0.61 mmol,
1.2 eq.) and Potassium carbonate (1.53 mmol, 3 eq.) and
finally we add the palladium supported on iron oxide,
cobalt oxide, and nickel hydroxide catalyst with the previously mentioned prepared ratios.

2.2 Catalyst Characterization

2.3.2 Synthesis of Pd–Fe3O4, CO3O4, and Ni(OH)2
Supported on Graphene

A JEOL JEM-1230 electron microscope operated at
120 kV and equipped with a Gatan UltraScan 4000SP 4 K
X 4 K CCD camera was used to obtain TEM images. TEM
samples were prepared by placing a droplet of the prepared
catalyst dissolved in ethanol on a 300-mesh copper grid
(Ted Pella) which was then left to evaporate in air at room
temperature. The X-ray photoelectron spectroscopy (XPS)
analysis was performed on a Thermo Fisher Scientific

To examine the effects of the support, the loading of Pd
nanoparticles, and the oxidation states of Pd (Pd(0) versus Pd(II)) on the catalytic activity, F
 e3O4, Co3O4, and Ni
(OH)2 Supported on Graphene with different compositions were screened for the Suzuki cross coupling reaction
of bromobenzene and phenylboronic acid in a mixture of
H2O:EtOH (1:1). Based on this survey, four catalysts were
selected for a comparative detailed study.
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2.3.3 General Procedure for Catalyst Recycling
Aryl bromide (0.51 mmol, 1 eq.) was dissolved in a mixture of 4 mL H
 2O: EtOH (1:1) and placed in a 10-mL
microwave tube. To this were added the aryl boronic acid
(0.61 mmol, 1.2 eq.) and Potassium carbonate (1.53 mmol,
3 eq.) and finally the palladium-magnetite on graphene nanoparticles (Pd–Fe3O4/G) (3.5 mg, 2.55 µmol, 0.5 mol %)
were then added. Then, the tube was sealed with cap and
heated under microwave irradiation (250 W, 2.45 MHz) at
the assigned temperature and time. After the reaction completed, the progress of the reaction was monitored using
GC-MS analysis to an aliquot of the reaction mixture. After
the reaction was completed, the mixture was diluted with
ethanol and shaken. Then, the solvent above the catalyst
was completely magnetically decanted and the catalyst was
completely removed using external strong magnet. Ethanol
washing for the catalyst was repeated for 5 times to make
sure that all products were removed from catalyst surface.
The catalyst was then transferred directly to another microwave tube and fresh reagents were added for next run. This
procedure of recycling the catalyst was repeated for every
run, the GC-MS was used to determine the percent conversion of the product.

3 Results and Discussion
3.1 Palladium Nanoparticles Decorated with Fe3O4,
Co3O4, Ni (OH)2 but Without Using Graphene
for Suzuki Cross – Coupling
The Suzuki cross coupling reaction of bromobenzene and
phenyl boronic acid in a mixture of H
 2O: EtOH (1:1) at different temperatures was investigated. As shown below in
Table 1; it illustrates the conversion of reaction for different loadings of the Pd/Fe3O4 catalysts. While most ratios of
the catalyst demonstrated different kind of activity toward
Suzuki coupling. All Pd supported on iron oxide catalysts
show complete conversion (100%) of aryl bromide to the
biphenyl product within 5–10 min, at 120 °C. While there
was no conversion at all when testing 100% Pd, Fe, Co catalyst for cross coupling and this may be due to the absence
of any kind of supports if this was compared to the palladium supported on iron oxide case. Similarly; the Suzuki
cross coupling reaction of bromobenzene and phenyl
boronic acid in a mixture of H2O: EtOH (1:1) at different
temperatures was investigated.
As it shown in Table 2 below, it illustrates the conversion of reaction for different loadings of the Pd/Co3O4
catalysts. While most ratios of the catalyst demonstrated
different kind of activity toward Suzuki coupling. All Pd
supported on cobalt oxide catalysts show weak conversion

Table 1  Conversion percentage for different ratios of Pd–Fe3O4
Catalysts

mol%

Temp (oC)

Time (min)

Conversion%

40 wt% Pd/Fe3O4

1
1
1
1
1
1
1
1
1
1
1
1

80 °C
80 °C
120 °C
80 °C
80 °C
120 °C
120 °C
80 °C
80 °C
120 °C
120 °C
120 °C

5
10
10
5
10
10
5
5
10
10
5
10

41
44
100
41
72
100
100
66
100
100
100
‹ 40

20 wt% Pd/Fe3O4

50 wt% Pd/Fe3O4

100% Fe3O4,
Pd, Co3O4, Ni
(OH)2

(10%) of aryl bromide to the biphenyl product within
5–10 min, at 80 °C. while there was no conversion at all
when testing 100% Pd, Fe, Co catalyst for cross coupling
and this may be due to the absence of any kind of supports
if this was compared to the palladium supported on cobalt
oxide case. It was noticed that the conversion was increased
as the amount of palladium loading increased until 85%
conversion was obtained within 10 min, at 120 °C in case
of 30% Pd–70% Co. But increasing the palladium content
didn’t enhance the conversion as in case of 50% Pd–50%
Co which was around 48% conversion. But in case of Pd
supported on nickel hydroxide the conversion was around
25% as shown in Tables 1 and 2.
3.2 Palladium–Fe3O4, Co3O4, Ni (OH) 2 Supported
on Graphene for Suzuki Cross—Coupling
The Suzuki cross coupling reaction of bromobenzene and
phenyl boronic acid in a mixture of H2O: EtOH (1:1) at
different temperatures was investigated. As shown below
in Table 3; it illustrates the conversion of reaction for different types of the catalysts. While most ratios of the catalyst demonstrated different kind of activity toward Suzuki
coupling. All Pd–Fe3O4 and Pd–Co3O4 catalysts show complete conversion (100%) of aryl bromide to the biphenyl
product within 5 min, at 80 ̊ C. while there was less catalytic activity in case of Pd–Ni (OH)2 .
From the TEM images in Fig. 1, it is easy to remark
the well dispersed palladium nanoparticles of size
(35 ± 2 nm) and (25 ± 2 nm) as in Fig. 1a, b respectively
while for the same figures the size of Fe3O4 and Co3O4
was (52 ± 2 nm) and (45 ± 2 nm) respectively. The TEM
images here is consistent with the experimental results
that showed a high catalytic activity in case of Pd/Fe3O4
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Table 2  Conversion percentage for different ratios of Pd–Co3O4
o

Catalysts

mol% Temp ( C) Time (min) Conversion%

Base

10 wt% Pd/
Co3O4
20 wt% Pd/
Co3O4
30 wt% Pd/
Co3O4
50 wt% Pd/
Co3O4

1

80 °C

10

10

K2CO3

1

120 °C

5

23

1

120 °C

10

85

1

120 °C

10

48

Table 3  Conversion percentage for different ratios of F
 e3O4, Co3O4,
Ni (OH)2 supported on Graphene
Catalysts

Mol% Temperature
(oC)

1
Pd–Fe3O4/G
Pd–Co3O4/G 1
P–Ni (OH)2/G 1

120 °C
120 °C
120 °C

Time (min) Conversion%
10
10
10

100
100
Conversion ‹ 60

and Pd/Co3O4 supported on graphene when compared
with and Pd/Ni (OH)2 supported on graphene which is
probably due to the severe agglomeration in the later case
compared with the former case.
It is clear that the presence of graphene has a significant effect in forming nanoparticles with particle size,
and also in maintaining good dispersion of the particles
on the graphene surface. It should be noted that one of
the important features of our catalyst preparation is the
production of large graphene sheets (several microns)
decorated with well-dispersed Pd and F
 e3O4 nanoparticles as shown in the TEM images.
Figure 2a displays the XRD pattern of palladium,
iron oxide (Fe3O4) or magnetite, and palladium–iron
oxide (Fe3O4) supported on Graphene for different ratios

of palladium to iron that was prepared by microwave
method.
The palladium shows the typical sharp diffraction peak
at 2θ = 40°. The XRD patterns indicate that the products
were all (Fe3O4) magnetite with reference code (ICCD00-003-0863) in case of (50 wt% Pd–50 wt% F
 e3O4) and
(20 wt% Pd–80 wt% 
Fe3O4), while reference code was
(ICCD-00-0021035) in case of 100% Fe. Characterization
of the graphene supported Pd–Fe3O4 samples prepared by
the HH-MWI, method was examined in detail using XRD,
XPS, and TEM analyses. Here, we focus on the characterization and catalytic activity of the Pd–Fe3O4/G nanocatalysts. The palladium content in Pd/Fe3O4 and three different
Pd/Fe3O4/G catalysts was determined by means of inductively coupled plasma (ICP-OES).
It is also easily to notice that the sharp diffraction peak
at 2θ = 40° which is characteristic to palladium is larger
in case of (50 wt% Pd–Fe3O4–G) if it is compared with
the (20 wt% Pd–Fe3O4–G) and the characteristic peaks of
Fe3O4 is shown as a sharp diffraction peak at 2θ = 35°. The
XPS technique is more sensitive for the analysis of surface oxides than XRD. All the samples had a C1s binding
energy around 284.5 eV derived from the carbon contamination in the analysis. In Fig. 2b, c, d, Samples showed that
the binding energy of Fe 2P3/2 was 710.5 eV, indicating
that the Fe was present as F
 e3O4 and the binding energy
of Fe 2P1/2 was 723.7 eV indicating that Fe was present as
Fe3O4. Also, the binding energy of Pd 3 d5/2 was 334.8 eV,
and Pd 3 d3/2 was 340.1 eV indicating that the Pd was present as P
 d0. Similarly, the binding energy of Pd 3d3/2 was
341.38 eV, and Pd 3 d5/2 was 336.23 eV indicating that the
Pd was present as PdO ( Pd2+).
To characterize the surface composition of the supported
nanocatalysts, XPS measurements were carried out as
shown in Fig. 2 for the 50 wt% Pd/Fe3O4 catalyst. The data
reveals the presence of Fe(III) as indicated by the observed
peaks at 724.2 and 710.5 eV corresponding to the binding
energies of the 2p1/2 and 2p3/2 electrons, respectively. The

Fig. 1  TEM—images of a Pd–Fe3O4/G, b Pd–Co3O4/G, and c Pd–Ni(OH)2/G
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Fig. 2  a XRD Pattern, b XPS (C1s), c XPS (Fe2p) and d XPS (Pd3d) of Pd/Fe3O4 supported on Graphene

broad Fe(III) 2 p3/2 peak centered at 710.5 eV most likely
contain contributions from the Fe(II) 2p3/2 which normally
occurs at ~708 eV. For Pd, the observed binding energies
of 334.8 and 340.1 eV indicate the presence of 82% P
 d0
2+
and 18% P
 d (due to the presence of PdO). However, these
values are slightly lower than the binding energies of Pd 3d
electrons in pure Pd nanoparticles where the values of 335
 d2+, respecand 341.1 eV have been reported for Pd0 and P
tively [21]. The decrease in the binding energy of the Pd
3d electron in the Pd/Fe3O4 supported catalyst indicates
that the Pd in the supported catalyst is more electron rich
than in pure Pd nanoparticles. This could be due to electron
transfer from F
 e2O3 to Pd consistent with similar results
obtained for the Pd/Fe2O3 hybrid nanocatalysts prepared by
a seed-mediated process, [21] and also for Pd nanoparticles
grown by vapor phase deposition on ordered crystalline
Fe3O4 films [43].
Figures 2a and 3 display the XRD patterns of the initial graphite powder, the prepared GO, and Pd–Fe3O4/G

prepared by the HH-MWI method. The initial graphite powder shows the typical sharp diffraction peak at
2θ = 26.7° with the corresponding d-spacing of 3.34 Å.
The exfoliated GO sample shows no diffraction peaks from
the parental graphite material and only a new broad peak
at 2θ = 10.9° with a d-spacing of 8.14 Å observed. This
indicates that the distance between the carbon sheets has
increased due to the insertion of interplaner oxygen functional groups.
After MWI of the GO in the presence of HH as the
reducing agent, the XRD of the resulting graphene shows
the disappearance of the 10.9° peak confirming the complete reduction of the GO sheets. A similar XRD spectrum
is observed for the Pd-Fe3O4/G sample prepared by the
simultaneous reduction of GO and palladium nitrate–iron
nitrate mixture using HH under MWI.
The very small broad peak around 2θ = 26.7° in the
Pd–Fe3O4/G sample could suggest the presence of a minor
component of multilayer graphene. The presence of Pd
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Fig. 3  XRD pattern of graphite and graphite oxide

nanoparticles could enhance the interaction among a few
graphene layers.
Figure 4a displays the XRD pattern of palladium supported on cobalt for different ratios of palladium to cobalt
that was prepared by microwave method. The 100%
Co3O4 nanoparticles show the characteristic peaks for
the spinal C
 o3O4 phase (ICCD-00-030-044300). For the
20, 30 and 50 wt% Pd/Co3O4 nanoparticles, peaks due to
Pd and C
 o3O4 are present and with no indication of the
presence of other phases. The palladium shows the typical sharp diffraction peak at 2θ = 40°. The XRD patterns
indicate that the catalysts were all C
 o3O4 with reference
code (ICCD-00-030-0443) in case of (20 wt% Pd–80
wt% Co3O4), (30 wt% Pd–70 wt% Co3O4) and (100 wt%
Co3O4), while reference code was (ICCD-00-045-0031)
in case of (50 wt% Pd–50 wt% Co3O4). It is also easily
to notice that the sharp diffraction peak at 2θ = 40° which
is characteristic to palladium is larger in case of (50 wt%
Pd–50 wt% Co3O4) if it is compared with the (30 wt%
Pd–70 wt% C
 o3O4) or (20 wt% Pd–80 wt % C
 o3O4) and
the characteristic peaks of Co3O4 are shown. In Fig. 2b,
c, d; Samples showed that the binding energy of Co 2p
was 796.99 and 780.77 eV indicating that most of the Co
was present as Co3O4 as shown. Also; the binding energy
of Pd 3 d5/2 was 335.4 eV, and Pd 3d3/2 was 340.68 eV
indicating that the Pd was present as P
 d0. Similarly, the
3/2
binding energy of Pd 3 d was 342.47 eV, and Pd 3 d5/2
was 337.174 eV indicating that the Pd was present as
PdO (Pd2+). The Co and Pd XPS data for the 50 wt% Pd/
Co3O4 catalyst are shown in Fig. 4b, c for the Co-2p and
Pd-3d electron binding energies, respectively. The data
reveals the presence of Co(II) and Co(III) as indicated by
the observed peaks at 796.8 and 780.7 eV corresponding
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to the Co(II) 2p1/2 and 2p3/2 binding energies, respectively, and at 802.6 and 786.2 eV corresponding to the
Co(III) 2p1/2 and 2p3/2 binding energies, respectively. For
Pd, the observed binding energies of 340.7 and 335.4 eV
indicate the presence of 86% P
 d0 (3d5/2) and 342.5 and
337.2 eV indicate the presence of 14% Pd2+ (due to the
presence of PdO).
Also, as shown later in Fig. 5a, it is obvious that using
nickel hydroxide as a support for palladium didn’t make
any enhancement for the catalytic activity for the catalyst.
While the ratio of (50 wt% Pd:50 wt% Ni (OH)2) was better than the ratios of 100 wt% Pd, (30 wt% Pd:70 wt% Ni
(OH)2), and (70% Pd:30% Ni (OH)2) respectively but it still
less active than the catalyst (30 wt% Pd–70 wt% Fe3O4)
and the catalyst (30 wt% Pd–70 wt% Co3O4) which still our
best conditions. In previous Fig. 5b, c, d, Samples showed
that the binding energy of Ni 2 p1/2, 2p3/2 was 873.7 and
855.75 eV indicating that most of the Ni was present as Ni
(OH)2 and Samples showed also that the binding energy of
Ni 2p1/2, 2p3/2, and 2 p3/2 was 872.07, 853.33 and 855.2 eV
indicating that some Ni was present as NiO as shown. Also,
the binding energy of Pd 3d5/2 was 335.1 eV, and Pd 3d3/2
was 340.35 eV indicating that the Pd was present as P
 d0.
3/2
Similarly; the binding energy of Pd 3d was 341.4 eV, and
Pd 3d5/2 was 336.7 eV indicating that the Pd was present as
PdO.
The surface composition of the supported nanocatalysts
was investigated using XPS measurements as shown in
Figs. 2, 3, 4 and 5 in order to compare between the C 1s
XPS spectra of GO and catalysts supported on reduced GO.
The GO spectrum shows peaks corresponding to oxygen
containing groups between 285.5 and 289 eV, in addition to
the sp2-bonded carbon C=C at 284.5 eV. Typically, peaks
at 285.6, 286.7, 287.7 and 289 are assigned to the C1s of
the C–OH, C–O, C=O, and HO–C=O groups, respectively.
The general procedure of catalyst recycling as discussed
in details before is shown in Fig. 6. It is interesting to notice
the easy separation process of the catalyst by applying an
external magnetic field using a strong magnet.
The magnetic properties of selected catalysts were carried out by using Vibrating Sample Magnetometer (VSM)
analysis. Figure 7 presents the magnetic hysteresis loop of
Pd–Fe3O4/G and reveals the magnetic response of this catalyst to the varying magnetic field.
This figure simply shows the hysteresis curves obtained
for Pd–Fe3O4 / G with an applied field sweeping from −30
to 30 kOe. The hysteresis loops of prepared samples reveal
superparamagnetic behavior at room temperature with
nearly zero coercivity and extremely low remnant magnetization values. The lack of remaining magnetization when
the external magnetic field is removed agrees with a superparamagnetic behavior observed in graphene nanosheets
decorated with Pd-Fe3O4 nanoparticles.

The Effect of Graphene on Catalytic Performance of Palladium Nanoparticles Decorated with…

Fig. 4  a XRD Pattern, b XPS (C1s), c XPS (Fe2p) and d XPS (Pd3d) of Pd/Co3O4 supported on Graphene

It was also found as in Table 4 that catalyst shows a high
catalytic activity. As in case of using catalyst with 0.5 mol
% it could be recycled up to four times with nearly 100%
conversion; while by increasing the mole percentage to
1 mol %, the catalyst could be recycled up to five times
with conversion near 100%.
It is interesting to know that the structural defects in graphene can be useful as they make it possible to achieve new
surface functionalities which enhance the interactions with
the anchored metal nanoparticles.
TEM images of Pd–Fe3O4/G can be an evidence for
deactivation that happens to catalysts after 5th run, which
clearly demonstrates the agglomeration and accumulation
of both Pd and F
 e3O4 nanoparticles on the surface of graphene as shown in Fig. 8.

To investigate the extent of Pd leaching from prepared
catalyst, the reaction was carried out in the presence of
0.2 mol% catalyst at 120 °C for 5 min under microwave
heating. Upon the completion of the reaction period, the
mixture was hot filtered and the Pd content was determined
in the filtrate to be 165 ppm based on the ICP-MS analysis. Moreover, the filtrate solution was subjected to the
same reaction using fresh reagents of bromobenzene and
phenylboronic acid, and no further catalytic activity was
observed in this solution after heating the fresh reaction
mixture to 120 °C for 5 min under microwave irradiation.
This confirms the lack of residual activity in the reaction
mixture after the catalyst removal which is consistent with
the very small amount of Pd content in solution determined
by ICP-OES.
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Fig. 5  a XRD Pattern, b XPS (C1s), c XPS (Fe2p) and d XPS (Pd3d) of Pd/Ni(OH)2 supported on graphene

Fig. 6  a The mixture before
reaction. b,c Separating the Pd–
Fe3O4–G catalyst from reaction
mixture by a strong external
magnetic field (magnet)
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4  Conclusions

Fig. 7  Magnetic hysteresis loops of Pd–Fe3O4/G at room temperature
Table 4  Recycling experiments for Pd–Fe3O4/G catalyst using a concentration of 0.5, 1 mol%
Run

Conversion (%)a
(0.5 mol %)

Conversion (%)a
(1 mol %)

1
2
3
4
5
6
7

100
98
96
94
80
62
60

100
96
94
93
90
84
76

Bromobenzene (50 mg, 0.32 mmol), boronic acid (47 mg,
0.382 mmol, 1.2 eq.), potassium carbonate (133 mg, 0.96 mmol,
3 eq.), and Pd-Fe3O4/G (2.17 mg, 1.16 µmol, 0.5 mol%) or (4.34 mg,
2.32 µmol, 1 mol%) in 4 mL (H2O:EtOH) (1:1) were heated at 80 ̊ C
(MWI) for 10 min
a

Conversions were determined by GC–MS

The effect of adding graphene as a support was investigated. A comparison study was made with and without
using graphene to monitor the performance of different
types of prepared catalysts. Nanoparticles of Pd with magnetite (Fe3O4) and Cobalt oxide Co3O4 and supported on
graphene have been prepared by a simple microwave heating method using Hydrazine hydrate as a strong reducing
agent for mixtures of palladium nitrate in combination with
Fe (NO3)3.9H2O and Co (NO3)2.6H2O that were successfully used as a source of iron and cobalt. The prepared catalysts showed a remarkable catalytic activity towards Suzuki
cross—coupling reaction with 100% conversion for the
catalyst first run.
Furthermore, the prepared catalysts could be easily
recovered and recycled up to seven times with high catalytic activity near 100% in case of palladium–iron oxide
supported on graphene under batch reaction conditions,
thus providing high economic viability.
These obtained results suggest that the defect sites generated on graphene nanosheets during the microwave heating process could act as favorable nucleation sites for the
formation and anchoring of the Pd nanoparticles on the
support surface which contribute to the exceptional catalytic properties to the prepared catalysts.
In summary, we have developed an efficient method to
generate highly active nanoparticle based catalysts supported on graphene by microwave assisted chemical reduction of the corresponding aqueous mixture of a palladium
nitrate, ferric nitrate and dispersed graphite oxide sheets.
The bimetallic material offers several advantages including
high reactivity, mild reaction conditions and short reaction
times in an environmentally benign solvent system.
Furthermore, the magnetic properties imparted by the
iron oxide component of the catalyst enables the material
to be easily isolated and recycled, thus greatly simplifying

Fig. 8  TEM images of Pd–
Fe3O4 / G catalyst a before
reaction b after fifth run
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the ability to purify the reaction products and recycle the
catalyst. This catalyst also provided excellent yields over
a broad range of highly functionalized substrates. The palladium bimetallic nanoparticles exhibit superior catalytic
activity towards Suzuki cross coupling reaches 100% conversion within 5–10 min. at 120 °C.
The importance of those kinds of catalysts is that they
are easily to be removed from the reaction medium after
reaction is completed. The separation process is achieved
via applying of strong external magnetic field which makes
separation process easy, reliable and environmentally
friendly.
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